INTRODUCTION
The glutathione S-transferases (GSTs) are a family of multifunctional dimeric proteins which catalyse the conjugation of GSH with electrophiles, the reduction of organic hydroperoxides and certain GSH-dependent isomerizations, and are binding proteins for a number of lipophiles (Mannervik & Danielson, 1988 ; Ketterer et al., 1988) . GSTs play important roles in the detoxication of metabolites of drugs and carcinogens, lipid and DNA hydroperoxides. They are also involved in the hepatic uptake of bilirubin and the intracellular transport of haem and steroid hormones (Litwack et al., 1971) .
At least 12 GST subunits have been identified and shown to be members of four families referred to as Alpha, Mu, Pi and Theta. Using a numerical nomenclature, subunits 1, 2, 8 and 10 are members of the Alpha family, subunits 3, 4, 6, 9 and 11 are members of the Mu family, subunit 7 is the only member of the Pi family and subunits 5 and 12 are members of the Theta family Ketterer et al., 1988; Kispert et al., 1989 , Meyer et al., 1991a . In the adult rat the distribution of subunits varies from tissue to tissue (Hales et al., 1978; Ketterer et al., 1988; Ostlund Farrants et al., 1987; Tahir et al., 1988) . The liver, which contains at least 100 /M total GST, is rich in subunits 1, 2, 3 and 4 and also contains subunit 8. Little is known about GST expression in the liver during foetal and early postnatal development. The present work shows the sequential expression of hepatic Alpha, Mu and Pi class GSTs from the 13-day foetus through the first 10 days post partum to the adult rat. GST subunit 7, which is expressed in the adult only during hepatocarcinogenesis (Kitahara et al., 1984; Meyer et al., 1985; Sato et al., 1987) , is shown to display a distinct expression during foetal development and may be considered to be an oncofoetal protein.
MATERIALS AND METHODS

Animals
Albino Wistar rats from 13 to 22 days gestation (newborns), 1-10 days old and female adults (approx. 250 g, 60-70 days old) were supplied by the Animal Resources Centre, Murdoch University, Western Australia, Australia.
50,UM-PMSF/1 mM-EDTA/10 mM-sodium phosphate buffer, pH 7.0, and homogenate was centrifuged at 10000 g for I h at 4°C. GST activity towards CDNB was determined as described by Habig et al. (1974) . The protein content of cytosol was determined by the dye-binding method of Bradford (1976) , with BSA as a standard.
Analysis of subunits of GST by reverse-phase h.p.l.c.
Samples of soluble supernatant fraction were freeze-dried for transport and solubilized before use. The total GST fraction of these samples was obtained using a GSH-agarose affinity matrix and analysed for GST subunits by h.p. la, lb, lc, 2, 3, 4, 6, 7, 8, 9, 10 and 11 (Kispert et al., 1989; Meyer et al., 1991a,b) .
Immunocytochemistry
Whole livers of 17-day gestation foetuses and newborn rats were fixed in Carnoy's solution for 6 h and then embedded in paraffin wax. Liver sections (4 ,zm thick) were attached to glass slides, on which all subsequent staining procedures were performed. The indirect immunoperoxidase detection of Alpha, Mu and Pi GSTs, and albumin was performed according to the method of Clement et al. (1985) . Endogenous peroxidase in the samples was blocked by treatment with aq. 2.5 % aq. (w/v) HIO6 for 5 min and 0.02% NaBH4 for 2 min (Heyderman, 1979) . This was followed by a 1 h incubation with IO % (v/v) foetal calf serum in phosphate-buffered saline (PBS). The liver sections were then allowed to react with a dilution of 1: 200 of the non-immune rabbit serum, 1:400 of the albumin antibody, 1: 500 of the Alpha class and Mu class GST antibodies and 1: 100 of the Pi class GST antibody for 1 h. After three washed with PBS, the sample was exposed to a 1: 200 dilution of the second antibody (peroxidase-coupled goat IgG directed against rabbit IgG) for I h. The washing procedure was repeated, followed by a final wash in 50 mM-Tris/HCI buffer, pH 7.5. Localization was revealed by reaction with 0.05 % diaminobenzidine and 0.01 % H202 in 50mM-Tris/HCI buffer, pH 7.5, for 20 min. In all experiments liver sections treated with non-immune serum were incorporated as negative controls and those treated with albumin antibodies were used as positive control for hepatocytes.
Run-on transcription in isolated nuclei Nuclei were isolated from 0.5 mg of foetal, postnatal and adult liver according to the method of Becker et al. (1984) . Isolated nuclei were suspended in 50 % (v/v) glycerol/ 5 mM-MnCl2/1 mM-MgCl2/5 mM-DTT/20 mM-Tris/HCl buffer, pH 7.4, frozen in liquid N2 and stored at -80°C until use. Runon transcription in isolated nuclei yielded 32P-labelled RNA, which was immobilized on nitrocellulose membranes and hydridized to the following cDNA probes: pGSTr 155 (Taylor et al., 1984) , a subunit 1 clone that is known to hydridize to subunit 2 and is assumed to hybridize to the other members of the Alpha family, namely subunits 8 and 10; JTL9 (S. E. Pemble & J. B. Taylor, unpublished work), a clone for subunit 3 that is assumed to hybridize to other members of the Mu family such as subunits 4 and 11; pGSTr 7 (Pemble et al., 1986) , which is a subunit 7 clone and therefore represents the Pi family. Albumin, a liver-specific protein that has been shown by several workers (Tilghman & Belayew, 1982; Powell et al., 1984; Panduro et al., 1987) to be regulated predominantly at the transcriptional level during foetal development, is used in this study as a reference gene.
The method used was a modification of that of Shelly et al. (1989) . Isolated nuclei (approx. 5 x 106) were incubated in the presence of 50 mM-Hepes/NaOH buffer, pH 8.0, 150 mM-NH4Cl, 1 mg of nuclease-free BSA/ml, 1 mM-MnCl2, 12.5 % (v/v) glycerol, 0.1 mg of heparin/ml, 3.5 mm-MgCI2, 60 units of RNasin, 0.25 mM-DTT, 0.5 mM-ATP, 0.5 mM-GTP, 0.5 mM-CTP and 100 ,uCi [a-32P]UTP (specific radioactivity approx. 800 Ci/ mmol) in 5 mM-Tris/HCl buffer, pH 7.5, for 20 min at 25 'C. The reaction was terminated by addition of 1 unit of RQ1 DNAase I and further incubation for 5 min at 37 'C. Labelled RNA was isolated by phenol/chloroform extraction followed by ethanol precipitation and was subsequently hybridized to 0.25 pmol of each of the following nitrocellulose-bound cDNA inserts: (i) albumin genomic subclones 'B', 'C' and 'D' (Sargent et al., 1981) ; (ii) GST cDNA pGSTr 155 (Taylor et al., 1984) ; (iii) JTL9 (S. E. Pemble & J. B. Taylor, unpublished work); (iv) pGSTr 7 (Pemble et al., 1986) ; (v) glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA pRGAPDH-13 (Fort et al., 1985) , (vi) Liver cytosolic extracts were prepared from 17-21-day foetuses (17F-21F), newborn rats (NB) and 1-10-day-old rats (iP-lOP). The GST fraction was obtained by affinity chromatography and concentrations of GST subunit were analysed by reverse-phase h.p.l. Isolation of total RNA and hybridization with cDNA representing Alpha, Mu and Pi class GSTs Total RNA was isolated from whole rat liver by using the method of LeMeur et al. (1981) . Sample was homogenized in 3 M-LiCl/6 M-urea/10 mM-sodium acetate buffer, pH 5.0, containing 200 ,ug of heparin/ml, 0.1 % SDS and 1 % 2-mercaptoethanol, and stored overnight at 4 'C. The precipitated RNA was sedimented by centrifugation at 15000 g for 20 min, washed three times with 4 M-LiCl/8 M-urea/ 0% 2-mercaptoethanol in water dissolved in 1 % SDS/50 mM-sodium acetate buffer, Lehrach et al. (1977) RESULTS Enzymological and h.p.l.c. analyses Total GST activity estimated by its activity towards CDNB showed two phases during development (Fig. 1) . In the foetus, it was undetectable in 13-day liver, first observed at 14-day gestation and increased to a maximum (78 % of adult value) by day 21 then declined towards birth (22 days). Postnatally, activity remained low at about 30 % of the adult value during the first 4 days after birth and increased gradually to reach maximal levels observed in the adult (Fig. 1) . H.p.l.c. analyses of GST purified from liver cytosolic fraction by using a GSH-agarose affinity column differentiated and quantified the individual GST subunits in foetal liver extracts. The method detects subunits la, Ib, Ic, 2, 3, 4, 7, 8, 10 and 11 (Kispert et al., 1989) . By applying this technique to cytosolic extracts of liver at different stages of development, it is possible to determine changes that occur with respect to each subunit as well as estimate their relative contributions to the total amount of each family (Fig. 2) .
Within the Alpha family, subunit 2 > subunit 10 = subunit 1 > subunit 8 in foetal liver, but subunit 1 > subunit 2 > subunit 8 > subunit 10 in adult liver. Subunit 10 is more abundant in foetal liver whereas subunit 1 is more abundant in adult liver. Subunit 2 is prominent in both foetal and adult liver.
In the case of the Mu family, subunit 3 > subunit 4 > subunit 11 in the foetus, but subunit 4 > subunit 3 > subunit 11 in the adult. In the Pi family, subunit 7 is expressed only in the foetus. The small amount in homogenates of the normal adult liver are contributed by bile-duct epithelial cells, not the hepatocytes (Tatematsu et al., 1985) .
There is a rapid diminution in the content of all subunits at birth with levels remaining low until between the fifth and tenth days post partum, after which levels increase to adult values in all cases except subunits 7 and 10, which are only expressed in the foetus.
The expression of subunit 7 reaches a maximum at clay 18 of gestation and falls rapidly to low levels at birth. Subunit 10 on the other hand is still expressed at birth and does not reach its minimum level until 5 days post partum.
Cellular distribution of GSTs
Whole liver from 17-day foetuses and newborn rats was fixed in Carnoy's solution. Haematoxylin and eosin staining revealed the presence of a significant number of erythropoietic cells arranged in large islands among the liver parenchyma in the 17-day foetal liver (Fig. 3a) , Erythropoietic cells, which contain dense nuclei, differ friom the hepatocytes, which contain pale nuclei and a higher proportion of cytoplasm. In contrast with 17-day foetal liver, fewer erythropoietic cells arranged in small islands are obseved in the newborn rat liver (Fig. 4a, E) . In the 17-day foetal iver not all hepatocytes were stained for the GSTs and the extent of staining was Pi > Alpha > Mu class GST (Figs. 3b-3d ). The pattern of heterogeneity was different for each class of GST. Large groups of hepatocytes were positive for Pi class GST (Fig. 3b) , whereas clusters of two to four cells were positive for the Mu class (Fig. 3c ) and up to ten cells for the Alpha class (Fig. 3d) . In the newborn rat liver, only a few hepatocytes around the portal region (Fig. 4b, arrow) , and the epithelium of developing bile ducts (Fig. 4b, B) were stained for the Pi class GST. The epithelium of developing bile ducts and the portal tract were not stained for Mu class (Fig. 4c) and Alpha class (Fig. 4d) . ( scription was higher than the steady-state mRNA concentration (Fig. 6b) . Steady-state Mu class GST mRNA concentrations in adult liver were at least 5-fold that of foetal and early postnatal (1-5 days after birth) liver. Although there was no difference in the relative transcription rate in 19-day foetal, 5-day postnatal and adult liver, a 5-10-fold difference in the steady-state mRNA concentration between the foetal and postnatal period was apparent.
Low but significant transcription and steady-state mRNA concentrations of the GST 7 gene was observed in foetal liver with a distinct peak in steady-state mRNA concentration and relative transcription rate occurring at 16 and 17 days of foetal development respectively (Figs. 6c, 7d and 8c) . Transcription of GST 7 appears to correlate well with its concentration of mRNA throughout liver development.
Steady-state albumin mRNA concentration correlated well with its transcriptional activity during foetal development (Figs.  7e and 8d) . Although there was no difference in transcription rate in 19-day foetal and adult liver (Fig. 6d) , the mRNA concentration in adult liver was about twice that of the 19-day foetal liver (Fig. 8d) .
DISCUSSION
This study shows the ontogeny of GST during three phases of liver development in the rat: (i) foetal, from 13 days of gestation until birth; (ii) early postnatal, from 1 to 10 days after birth; (iii) adulthood. Although an overall increase in total GST enzyme activity appeared to accompany liver development, a considerable variation in the expression of individual GST subunits was demonstrated. Large changes occurred during late gestation and the early postnatal period. This differential expression of GSTs was depicted by changes in protein, steady-state mRNA and relative transcription levels. Thus, whereas the Alpha class GSTs appeared to predominate throughout the three phases of liver development under observation, subunit 2 was found to be the major subunit in foetal liver and subunit 1 in the adult. Greengard (1970) proposed that changes in expression of liverspecific proteins generally occurred at three specific developmental stages: (i) late gestation; (ii) at or directly after birth; (iii) just before weaning (approx. 3 weeks of age in the rat). During these periods the liver undergoes significant anatomical, morphological and physiological changes in response to (i) commitment of embryonal cells to become hepatocytes, (ii) preparation for extra-uterine function during late gestation and (iii) maturation of newborn liver. In this study, low hepatic GST activity was observed during early gestation followed by a rapid increase during late gestation. The dramatic increase in GST activity during late gestation was associated with an increase in the Alpha and Mu classes of GST. H.p.l.c. analyses differentiated between GST subunits and indicated that this increase in GST activity was attributed to an increase in subunits 1, 2, 8 and 10 in the Alpha family and subunits 3, 4 and 11 in the Mu family. A sudden decline in total hepatic GST activity occurred at birth and the early postnatal period. As expected this was associated with a decrease in subunits detected by h.p.l.c. A similar developmental pattern has been reported for three drugmetabolizing enzyme activities in the mouse, namely benzo[a]pyrene hydroxylase, epoxide hydrolase and total GST (Rouet et al., 1984) .
The Pi family, represented by only subunit 7, showed a distinct developmental pattern in the liver, being abundant in 18-day foetal liver but almost absent postnatally. This differential expression of subunit 7 was also reported by Abramovitz & Listowsky (1988) . In this study, immunocytochemical staining revealed that GSTs were not uniformly distributed among the hepatocytes in .1 7-day foetal liver. (Elderston, 1980; Elderston et al., 1980) (Waxman et al., 1985; Dannan et al., 1986 (Darnell, 1982; Raghow, 1987) .
Our results for regulation of the albumin gene obtained using Northern blotting and 'run-out' transcription analyses are in agreement with other workers (Tilghman & Belayew, 1982; Powell et al., 1984; Panduro et al., 1987 lation during liver development. The expression of R17 during foetal development is regulated at the transcriptional level whereas post-transcriptional controls operate postnatal expression of the gene. GST subunit 7, like cytochrome P-450 TF-1, is predominantly controlled at the transcriptional level throughout liver development.
In conclusion, our study reveals a differential expression of the three major classes of the GST multigene family, Alpha, Mu and Pi, during a sequential stage of liver development from the 13-day gestation to 10-day postnatal period. The Pi class GST is essentially a foetal protein and displays a unique expression during development and is regulated predominantly at the level of transcription. The Alpha and Mu class GSTs are essentially mature proteins and are regulated by 'mixed' mechanisms during liver development, displaying transcriptional control during foetal development and post-transcriptional control in the postnatal period. The significance of these changes in the expression of GSTs for the physiology of the developing animal are yet to be understood. The apparent vulnerability of the newborn rat to substances detoxified by GSTs is particularly interesting and may in part explain the susceptibility of this age group to carcinogens. 
